The prevalence of overweight and obesity is increasing rapidly worldwide (Finucane et al, 2011) . Obesity is associated with increased risk of several chronic diseases, including certain cancers (World Health Organization, 2009 ). For breast cancer, there has been a particularly strong and consistent risk increase associated with overweight and obesity after menopause (Friedenreich, 2001; Lahmann et al, 2004; Reeves et al, 2007; World Cancer Research Fund/American Institute for Cancer Research, 2007; Sexton et al, 2011; Anderson and Neuhouser, 2012) . In contrast, there is convincing evidence that overweight and obesity before menopause are associated with reduced risk of premenopausal breast cancer (van den Brandt et al, 2000; Michels et al, 2006; World Cancer Research Fund/American Institute for Cancer Research, 2007) , although this has not been found in all studies (Cecchini et al, 2012) . This discrepancy between pre-and postmenopausal breast cancer is not well understood, and is further complicated by recent studies suggesting that overweight in adolescence and young adulthood may be associated with a reduced risk for both pre-and postmenopausal breast cancer (Ahlgren et al, 2004; Weiderpass et al, 2004; Bardia et al, 2008; Baer et al, 2010; Fagherazzi et al, 2012) .
Weight gain in adulthood has been associated with an increased risk of postmenopausal breast cancer (Huang et al, 1997; Feigelson et al, 2004; Radimer et al, 2004; Eliassen et al, 2006; Ahn et al, 2007) and the results related to body mass at a young age seem to suggest that the increased breast cancer risk associated with obesity after menopause may be attributable to weight gain that started after reaching adulthood (Huang et al, 1997; Eliassen et al, 2006; Ahn et al, 2007) . However, it is unclear whether weight changes at different ages may be particularly important for the risk of breast cancer in postmenopausal women (Friedenreich, 2001; Radimer et al, 2004; Ahn et al, 2007) .
A limitation of most previous studies has been that information on changes in weight has either been baseline measurements combined with recall of weight at a younger age, or studies have only used self-reported and recalled data (Friedenreich, 2001; Anderson and Neuhouser, 2012) . Both self-report (Engstrom et al, 2003) and recall are prone to misclassification and this will tend to be more profound with longer recall. Only a few and relatively small studies have had access to longitudinal measurements of body weight over a long time span (Radimer et al, 2004) .
The aim of the present study was to prospectively investigate the relation between weight changes measured in adulthood and risk of postmenopausal breast cancer. The study was conducted within a large population-based cohort with anthropometric measurements conducted up to three times over 430 years. Thus, this is the largest study that has used weight measurements over a long time span to investigate associations of weight change with breast cancer risk.
METHODS
Study population. The source population consists of female participants in the first two waves of the population-based Nord Trøndelag health study (HUNT) conducted in 1984-86 (HUNT1) and 1995-97 (HUNT2) . The HUNT study is described in more detail elsewhere (Krokstad et al, 2012) . Briefly, it consists of residents 20 years of age or older of Nord Trøndelag county in Norway. A total of 43 229 (HUNT1) and 47 177 (HUNT2) women were invited and 38 271 (88.5%, HUNT1) and 34 660 (73.5%, HUNT2) women accepted the invitation, respectively. They attended a clinical examination that included standardised measurements of height (to the nearest centimetre without shoes) and weight (to the nearest half kilogram wearing light clothes). In addition, information on education, smoking, alcohol use and leisure-time physical activity was collected using comprehensive self-administered questionnaires in both HUNT1 and HUNT2, whereas information on reproductive history (age at menarche, age at first birth and parity) and the use of postmenopausal hormone replacement therapy (HRT) was collected only in HUNT2.
All participants in the HUNT study have completed a written informed consent form specifically allowing linkage with register data.
Using the unique 11-digit identification number of Norwegian citizens, individual information from the two waves of the HUNT study was linked for those who participated in both. In addition, individual information from the two waves of the HUNT study was linked to data from a nation-wide mandatory tuberculosis screening (hereafter named as TBC survey) that was conducted between 1963 and 1975. The information from that screening includes height measured to the nearest centimetre and weight measured to the nearest kilogram on regularly calibrated scales (Tretli, 1989) .
Individual information from the HUNT study was also linked to information about cancer incidence provided by the Cancer Registry of Norway (www.krefregisteret.no). The Cancer Registry of Norway has registered information on incident cancer since 1953, and the reporting of cancer is mandatory by law. The information includes date at diagnosis, clinical stage at diagnosis and histological grade. The registry information is considered to be virtually complete (Larsen et al, 2009 ). Breast cancer is registered according to the International Classification of Diseases 7th edition (ICD-7 code 170).
We included women for analysis who were 55 years of age or older. We chose 55 years to indicate postmenopausal status since information on menopausal status was limited. Eligible women had at least two valid measurements of body weight at age 18 years or later and were free of cancer at start follow-up. A total of 28 153 women had at least two records of weight: 21 773 women participated in the HUNT1 study and had a previous record of weight from the TBC survey, and 6380 women who participated in the HUNT2 study had a previously recorded weight from the HUNT1 study (5723) or the TBC survey (657). In addition, 13 392 of the 21 773 women who participated in the HUNT1 study had a previous record of weight from the TBC survey also participated in the HUNT2 study, and thus had weight recorded at three occasions.
The study was approved by the regional committee for medical research ethics that regulates both legal and ethical aspects of medical research in Norway.
Weight change. Since anthropometric measurements were conducted at different time intervals for each participant we constructed a variable of weight change (in kg) per year. When follow-up started at the time of the HUNT2 study, the variable was constructed to ensure maximum time between the measurements and the weight change between the TBC survey, and the HUNT2 was used whenever applicable.
Weight change was categorised into five groups; weight loss (42.5 kg per 10 years), stable weight ( ± 2.5 kg per 10 years), and three categories of weight gain (2.5-4.99 kg per 10 years, 5.0-7.49 kg per 10 years and X7.5 kg per 10 years).
Statistical analyses. Cox proportional hazards models were used to estimate hazard ratios (HRs) with 95% confidence intervals (CIs) for the association of weight change with breast cancer incidence. Each woman contributed person-time from the date of entry (see next paragraph) until the date of breast cancer diagnosis or any other cancer diagnosis, death, emigration, or to the end of follow-up (31 December 2009), whichever occurred first.
In the main analyses, women were entered after two separate weight measurements or after reaching 55 years of age whichever occurred last. Thus, 21 773 women were entered at, or after participation in the HUNT1 study and 6380 women were entered at, or after participation in the HUNT2 study.
Information on hormonal and reproductive factors (age at menarche, age at first birth, parity and HRT) that are known to influence breast cancer risk and also to be associated with overweight and obesity (Kelsey and Gammon, 1991; Bobrow et al, 2012) , was collected in the HUNT2 study only. To investigate the potential confounding role of reproductive factors, separate analyses were therefore conducted for women who participated in the HUNT2 study and had at least two valid measurements of weight (19 773 women). In these analyses, women entered at the time of measurement in the HUNT2 study or at the age of 55 years, whichever occurred last.
All analyses were adjusted for age by using age as the underlying time scale and stratified by year of birth (o1920, 1920-1949 and X1950) to account for possible cohort effects.
Multivariable analyses were adjusted for height at baseline (continuous), education (o10, 10-12 or 412 years), leisure-time physical activity in hours per week (o1 h light exercise (1), moderate exercise (not 1 or 3) (2) or X1 h hard exercise (3)), frequency of alcohol consumption (teetotaler, o1 time last fortnight, 1-4 times last fortnight or X5 times last fortnight) and smoking (never, current or former smoker) and BMI at first survey (o22, 22-25 or X25). In analyses restricted to women who had participated in the HUNT2 study, we also adjusted for age at menarche (o12, 12-13 or X14 years), parity and age at first birth (nulliparous, 1-2 children and o25 years at first birth, 1-2 children and X25 years at first birth, X3 children and o25 years at first birth, X3 children and X25 years at first birth).
To evaluate the influence of postmenopausal HRT on the studied associations, we also conducted stratified analyses among women who had reported the use of HRT.
Since associations of weight change with breast cancer incidence are partly determined by body size, we also did sensitivity analyses where we explored the effect of adjusting for attained BMI at last survey (o22, 22-24.9, 25-29.9 and X30 kg m À 2 ) by including BMI in the model or by stratifying on BMI at last survey (stratified Cox model).
To account for the possibility that undiagnosed breast cancer may influence weight (reversed causation), we also performed sensitivity analyses where we omitted the first 2 years of follow.
In addition to complete-case analyses, we performed multiple imputation of missing data on the possible confounders, to obtain complete data sets for the 19 772 women who participated in the HUNT2 study. Under the missing at random assumption we used the chained equations option in the multiple imputation (mi) procedure in STATA statistical software to create 50 data sets (White et al, 2011 ). All the variables described above, the survival time (log-transformed) and the outcome variable (incident breast cancer) were used as predictor variables together with a subset of other variables from the HUNT2 study that were judged as possible predictors for the missing data.
To evaluate potential critical age periods of weight change for the risk of breast cancer, we separately investigated weight change in three different age periods: (1) among women with a mid-age between measurements of less o45 years, (2) among women with a mid-age between measurements of 45-55 years (the period regarded as the perimenopausal phase), and (3) among women with a mid-age between measurements of 55 years or more. Mid-age was defined as the mean age between the two consecutive measurements used to construct the weight change variable (if a woman was 20 years at the time of first measurement and 35 at the second, she would have a mid-age of 27.5 years). We assessed heterogeneity of the HRs across the three strata of mid-age at weight change by a likelihood ratio test. Here, we compared models with and without a product term between mid-age at weight change (three groups) and weight change per year (continuous variable).
Among women with three consecutive measurements (n ¼ 13 392), we also evaluated the risk associated with weight change in the first period (from the TCB survey to the HUNT1 study) and the second period (from the HUNT1 study to the HUNT2 study).
Tests for linear trend were calculated per unit increase in the original continuous variable (kg per year) and reported as P-values for trend.
Proportional hazard assumptions were evaluated by log minus log plots, and showed no violation of the assumptions. All statistical tests were two-sided and all analyses were performed using STATA for Windows (Version 12 StataCorp LP, College Station, TX, USA; 1985 . Tables 1A and B. In the main analysis, a total of 900 women were diagnosed with breast cancer during a mean follow-up of 12.8 years (s.d. 7.6 years), with a mean age at diagnosis of 71.3 years (s.d. 10.0 years).
RESULTS

Baseline characteristics of the participants are displayed in
Compared with women who maintained a stable weight between measurements, women who gained weight were at increased risk of breast cancer (HR per kg per year 1.31, 95% CI 1.11-1.54, P for trend 0.001) ( Table 2) , and adjustment for potentially confounding factors, other than baseline body height, did not substantially influence this estimate.
Women in the highest category of weight gain (equivalent to a weight gain of 7.5 kg or more over 10 years) had an HR for breast cancer of 1.63 (95% CI 1.28-2.09) compared with women with a stable weight (Table 2) . In a separate analysis of women with complete information on reproductive factors in the HUNT2 study, the corresponding multivariable adjusted HR was 1.51 (95% CI 1.06-2.15) (Table 3) . These findings were also consistent across strata of BMI at first survey when examined separately (data not shown).
In sensitivity analyses where we included the most recent BMI in the model, the association of weight gain with risk of breast cancer was not substantially changed (data not shown).
We assessed whether the association between weight gain and risk of breast cancer differed according to age period when the weight gain occurred. We found that weight gain before menopause (midage of weight changeo45 years), and in the period regarded as the perimenopausal phase (mid-age of weight change between 45 and 55 years), was associated with increased risk (HR for breast cancer per kg per year 1.38 (95% CI 1.09-1.75) and 1.69 (95% CI 1.32-2.16), respectively) compared with women whose weight remained stable. In contrast, there was no clear association between weight gain and risk of breast cancer (HR for breast cancer per kg per year 0.92 (95% CI 0.73-1.18) among women who gained weight after menopause (mid-age of weight changeX55 years) (P for heterogeneity across strata of age 0.002) ( Table 4) .
Results for sub-analyses among women with three consecutive measurements over 28 years (range 21-34 years) did not differ substantially from the main results (Supplementary Table 1) .
Only 12% women in our analyses reported the current use of HRT at the time of the HUNT2 study, and there was a substantial proportion with missing data on this variable (Table 1B ). The use of HRT was strongly and positively associated with breast cancer risk (current vs never users; HR 1.89, 95% CI 1.43-2.49). When we restricted to those who never used HRT (10 885 women and 206 cases of breast cancer), the results on weight change and breast cancer risk were similar to the overall results (data not shown). Among current users, there was no association between weight gain and risk of breast cancer; however, this analysis was limited by low statistical power (only 2322 women and 82 cases of breast cancer) (data not shown).
In analyses related to weight loss, we found no clear associations with breast cancer risk. Although the HR estimates were compatible with a slightly lower risk, the precision of the estimates was low.
Including a lag-time of minimum 2 years from the survey to entry in the analyses did not change the results (data not shown).
The results from analyses using multiple imputations to handle missing data on potential confounders were not materially different from the results of analyses restricted to participants with complete information on all variables (Table 3) .
DISCUSSION
In this population-based, prospective study of women 55 years and older, indicating postmenopausal status, we found a positive association between weight gain throughout life and risk of breast cancer. We also found that the association was stronger for women who gained weight at pre-and perimenopausal age, compared with women who gained weight later.
Our results are consistent with previous research that used recalled data on weight at younger ages (Feigelson et al, 2004; Lahmann et al, 2005; Eliassen et al, 2006; Ahn et al, 2007; World Cancer Research Fund/American Institute for Cancer Research, 2007) where, generally, a positive association between weight gain in adulthood and risk of breast cancer after menopause has been documented. Compared with most recent BMI, weight gain has been more consistently associated with increased risk in some (Feigelson et al, 2004; Ahn et al, 2007) , but not all (Morimoto et al, 2002) studies. When we included weight gain and most recent BMI in the same model, BMI was not associated with risk of breast cancer, whereas the associations with weight gain remained unchanged, suggesting that weight gain may be a better measure, than a single measurement of body mass, when assessing breast cancer risk associated with body fatness among postmenopausal women. The finding is also supported by another study (Ahn et al, 2007) where the investigators found no increase in postmenopausal breast cancer risk among women with a stable high weight since the age of 18, compared with slim women.
Several authors have hypothesised that timing of weight gain could be related to breast cancer risk (Stoll, 1995; Huang et al, 1997; Friedenreich, 2001; Radimer et al, 2004) . However, the epidemiological evidence was limited so far (Radimer et al, 2004; Eliassen et al, 2006; Ahn et al, 2007) . In the present study, we found a stronger association among women who gained weight at pre-and perimenopausal age, compared with women who gained weight later, although this finding must be interpreted with caution. If confirmed, then this might suggest a relatively long induction period between the timing of weight gain and the clinical appearance of a tumour. Alternatively, it could reflect that the breast is more susceptible to adverse effects of weight gain in phases associated with marked hormonal changes (such as menopause) and less susceptible later in life.
The results of previous studies suggest that the positive association of body fatness with breast cancer risk is modified by the use of HRT, with a positive association evident only among non-users of HRT (Huang et al, 1997; van den Brandt et al, 2000; Morimoto et al, 2002; Feigelson et al, 2004; Lahmann et al, 2005; Eliassen et al, 2006) . We attempted to confirm the possible effect modification, and our results for never users of HRT are in line with the previous research. However, our analysis among current users was limited by low statistical power.
Results from previous studies on weight loss and risk of breast cancer have shown inconsistent results, both suggesting no 722 (13) 930 (8) 303 (6) 157 (5) 143 (5) Exercise, % 936 (17) 1264 (11) 494 (10) 263 (9) 250 (8) Alcohol, % (Radimer et al, 2004; Ahn et al, 2007) or inverse (Harvie et al, 2005; Eliassen et al, 2006) associations. In the Nurses' Health study (Eliassen et al, 2006) sustained weight loss was associated with reduced risk of breast cancer among postmenopausal women (who did not use HRT). Although we observed a tendency towards a lower risk with weight loss, in line with some previous studies, we found no clear evidence for an association of weight loss with breast cancer risk in the present study. The increased risk of breast cancer in overweight and obese women has mainly been attributed to the higher conversion rates of androgenic precursors to oestradiol through increased aromatase activity in adipose tissue, resulting in increased circulating and local levels of oestrogens in overweight postmenopausal women (Friedenreich, 2001; Key et al, 2003; Key et al, 2011; Bulun et al, 2012) . However, this does not fully explain that weight gain could be more strongly related to risk of postmenopausal breast cancer compared with a stable but high body weight throughout life. It has been suggested that weight gain may be a more useful marker for body fat deposition (BallardBarbash et al, 1997) , and deposition of fat mass may be a key to understand the association of weight gain with breast cancer risk after menopause. It has also been hypothesised that breast tissue maturation is altered in women who are heavy in early life (before or during puberty) and that they, despite their earlier age at menarche, may have a prolonged maturation of breast tissue which could render the breast less susceptible to carcinogenic stimuli throughout the life (Baer et al, 2005) . Recent findings suggest that girls who are heavy in puberty have lower mammographic breast density as adults (Lope et al, 2011) , and mammographic density is one of the strongest known risk factors for breast cancer (McCormack and dos Santos Silva, 2006; Boyd et al, 2007) .
Obesity has several other consequences that may have a role in breast cancer development. Elevated levels of insulin and insulinlike growth factor-1 are common in overweight and obese women (Gunter et al, 2009; Poole et al, 2011) . Among other effects, insulin directly stimulates tumour proliferation and increases levels of free oestrogen by inhibiting liver synthesis of sex hormone binding globulins (Gunter et al, 2009) . Furthermore, increased body fatness seems to render the organism in a state of chronic inflammation, which might also promote cancer development (Grivennikov et al, 2010; Harvey et al, 2011) .
One may speculate whether women who are lean in childhood and adolescence and gain weight in adulthood and especially during phases of hormonal change might be more vulnerable to the adverse consequences of obesity compared with women who remained heavy since puberty or women who stay slim throughout the life.
Our study is the largest study to date that has used measured (and not recalled) data on weight and long-term changes in weight to investigate associations how weight changes may influence the risk of breast cancer. Measurements of weight are important since most studies within this area have used self-reported or recalled data, which are prone to systematic misclassification (Engstrom 245 (15) 934 (12) 518 (11) 318 (12) 287 (11) Parity, % 70 (4) 329 (4) 240 (5) 145 (5) 138 (5) Use of HRT at HUNT2, % Detailed information on characteristics displayed in Table 1A (education, alcohol, smoking and exercise) for women in the HUNT2 study is available on request.
et al, 2003), which will also tend to be more profound with longer recall. The HUNT study offers a possibility to adjust for a wide range of possible confounders. Still, as with any observational study, we cannot exclude the possibility of uncontrolled confounding. Nevertheless, any remaining confounder potentially able to influence our results considerably would need to (1) be strongly associated with breast cancer risk and with weight change in adulthood, and (2) be unrelated to the potential confounders that were included in our models.
The HUNT study is population based with a high attendance and the follow-up is virtually complete (0.1% loss to follow-up due to emigration from Norway) with highly reliable outcome measures (Larsen et al, 2009) . Our study population was Caucasian and genetically homogeneous which on one hand may have increased the internal validity of our findings; on the other hand, our results might not directly apply to non-western populations.
Information on covariates was collected at baseline, and for some covariates (such as smoking, exercise and HRT) their value may have changed during follow-up. However, adjustment for covariates did not substantially influence the estimate of effects in the analyses. We did not have information on family history of breast cancer and could therefore not evaluate if weight change has a greater or lesser impact among women who might be at high risk due to family factors. Also, we had no information on breast tumour characteristics (such as protein expression of oestrogen (ER), progesterone (PgR) receptor or HER-2) and could not explore whether our findings may differ by breast cancer subtype.
In conclusion, we found that weight gain in adulthood is positively associated with breast cancer risk in women older than Analyses among all women, adjusted for attained age and stratified on year of birth.
b Analyses among women with complete (non-missing) information on covariates, adjusted for attained age and stratified on year of birth.
c Analyses among women with complete (non-missing) information on covariates additionally adjusted for height at baseline (continuous), education (o10, 10-12 and 412 years), alcohol (teetotaler, no alcohol last fortnight, 1-4 times last fortnight and X5 times last fortnight), smoking (never, former or current smoker), exercise (light, moderate or heavy), BMI at first survey (o22, 22-25 and X25), attained age and stratified on year of birth. Analyses among all women (n ¼ 19 772), adjusted for height at baseline (continuous), education (o10, 10-12 and 412 years), alcohol (teetotaler, no alcohol last fortnight, 1-4 times last fortnight and X5 times last fortnight), smoking (never, former or current smoker), exercise (light, moderate or heavy), age at menarche (o12, 12-13 and X14 years), parity and age at first birth (nulliparous, 1-2 children and o25 years at first birth, 1-2 children and X25 years at first birth, X3 children and o25 years at first birth, and X3 children and X25 years at first birth), attained age and stratified on year of birth where missing variables on education, alcohol, smoking, exercise, parity and age at first birth, and age at menarche were imputed using chained equations as described in text.
c Analyses among women with complete (non-missing, N ¼ 14 039) information on covariates adjusted for attained age and stratified on year of birth. Analyses among women with complete (non-missing N ¼ 14 039) information on covariates additionally adjusted for height at baseline (continuous), education (o10, 10-12 and 412 years), alcohol (teetotaler, no alcohol last fortnight, 1-4 times last fortnight and X5 times last fortnight), smoking (never, former or current smoker), exercise (light, moderate or heavy), age at menarche (o12, 12-13 and X14 years), parity and age at first birth (nulliparous, 1-2 children and o25 years at first birth, 1-2 children and X25 years at first birth, X3 children and o25 years at first birth, and X3 children and X25 years at first birth), BMI at first survey (o22, 22-25 and X25), attained age and stratified on year of birth. 55 years. Our results suggest that this positive association might be stronger for women who gain weight at pre-and perimenopausal age, compared with women who gain weight later. However, this finding should be interpreted with caution.
Because weight gain is one of the few modifiable risk factors for breast cancer, weight control provides an important possibility for prevention of breast cancer in postmenopausal women. Likelihood ratio test of strata P for heterogeneity 0.002
Abbreviation: CI ¼ confidence interval.
a Adjusted for age (using attained age as a time scale), height (continuous) and stratified by year of birth.
